We consider a new class of model systems to study systematically the role of molecular We report calculations of transport properties of this binary mixture by varying temperature over a wide range, at a fixed pressure. We find that for the pressure-density conditions studied, there is no signature of any phase separation, except transitions to the crystalline phase at low temperatures and relatively low pressure (the reason we largely confined our studies to high pressure). We find that for our model binary mixture, both the stick and slip hydrodynamic predictions break down in a major fashion, for both prolates and oblates and particularly so for rotation. Moreover, prolates and oblates themselves display different dynamical features in the mean square displacement and in orientational time correlation functions.
INTRODUCTION
The first expressions of friction on a moving molecule were derived by Maxwell, Boltzmann and Enskog who used kinetic theory of gases to obtain the expressions 1 we find in undergraduate texts. In these studies, friction originates from collisions between molecules resulting in an exchange of momentum. The alternate description of friction ( ζ ) is offered by Navier-Stokes hydrodynamics 2 where the interaction between the tagged molecule and the surrounding solvent (approximated as a viscous continuum) is described by a set of hydrodynamic conditions.
Hydrodynamics offers surprisingly simple expressions of translational and rotational friction ( ζ ) where the only inputs are the viscosity (η ) of the medium and a factor describing the size (could be radius R for spheres) and shape (the aspect ratio for ellipsoidal) of the tagged molecules. For translational friction, hydrodynamics allows derivation of expressions for the two hydrodynamic boundary conditions, namely, stick and slip. 2 The expressions differ only by a factor of 3/2, for spheres, with the larger value (6 ) R πη for the stick boundary condition (b.c.).
The situation, however, is quite different for a rotation where the two boundary conditions give completely different predictions.
The hydrodynamic description of the situation where a spherical molecule can rotate without experiencing any friction is known as the slip boundary condition limit. On the other hand, when a layer of solvent rotates with the tagged sphere, it is called stick b.c. As expected, rotational friction for slip b.c. is zero while quite large ( ) 3 8 R πη for the stick b.c. One often finds experimentally 3 that stick b.c. over-estimates the value of the friction significantly.
A connection between friction and experimental observables such as translational diffusion is provided by Einstein's relation, 4 B k T D . = ζ The same holds for rotation, and is often described as Debye-Einstein relation.
The prediction of zero friction for rotating (with slip) spheres posed a paradoxical situation because at least in theoretical studies we like to model molecules as spheres which serve to obtain a simple theoretical expression. The unphysical large value predicted by the stick b.c.
further complicated the issue. The paradoxical situation was first resolved by Hu and Zwanzig. 5 They showed for the first time that a reasonable value of orientational correlation time for the rotation of a probe is obtained if the solute is considered as a spheroidal with slip b.c., which is a more realistic description of the molecules studied in experiments. Furthermore, the motion of different spheroids can be different. For example, the motion of oblate is quite different from that of a prolate. 3, [6] [7] [8] [9] [10] Unfortunately, there does not exist sufficient data in the literature to discuss about the shape dependence of diffusion.
While experimental studies always deal with molecules that are of nonspherical shape, theoretical models, particularly in computer simulation studies, often invoke spherical molecules, with only a few exceptions. Although the theoretical choice of spheres is mainly motivated by the possibility of simplified calculations, there now exist a number of hydrodynamic expressions for ellipsoidal molecules in closed forms. 11 The situation is especially unusual when a theory is developed and implemented, based on spherical molecules, such as the mode coupling theory 12 in its traditional form and then used to explain orientational relaxation observed in Nuclear magnetic resonance (NMR) or dielectric relaxation that studies non-spherical molecules. 13, 14 Diffusion of ellipsoids finds extensive use in the study of biopolymers, like proteins. 11 From the beginning, Perrin'sequations 15 and corrections published later 16 have been used to obtain a measure of the asymmetry in the shape of a protein molecule. The standard practice has been to fit the experimental data on rotational diffusion (extracted from NMR) to fit to Perrin's equations and find the asymmetry parameter . κ Indeed, very little is known about the molecular shape dependence diffusion of rod-shaped and disc-shaped molecules. While the former can diffuse preferentially in the direction of long-axis,
11 the latter is likely to exhibit the saucer-like motion because of the expected tendency of the disc-shaped molecule to translate in the plane of the disc, though tumbling of its axis helps it in changing its direction of motion.
As mentioned, there exist many experimental studies on orientational relaxation 17 (like NMR, Kerr effect, fluorescence depolarization). They all measure the time correlation of the second rank spherical harmonics, ( )
Ω where ( ) t Ω is the time-dependent orientation of the ellipsoidal molecules. 18, 19 In this case, the order parameter is 2 P (cos (t)) θ where 2 P is the second rank Legendre polynomial of the angle that the major axis of an ellipsoidal makes with the Z-axis of the laboratory-fixed frame.
Microscopic theoretical approach by Medina et al. 20, 21 showed a strong coupling between the translational and rotational motions while studying the diffusion of nonspherical molecules in suspension of spheres. A similar kind of coupling was found by Chandra and Bagchi [22] [23] [24] in the study of orientational relaxation of dipolar molecules. 25 There is multiple motivation behind this work.
(i) Given the vast difference between stick and slip b.c. in the case of rotation, it is important to understand the actual values of the rotational diffusion constant in various cases. Similarly, the translational diffusion also needs investigation.
(ii) It is important to understand the translational-rotational coupling of ellipsoidal molecules like prolates and oblates. The diffusion of the prolates or diffusion of spheroids in a liquid of Lennard-Jones spheres was studied earlier.
Here we present molecular dynamics simulations of oblates in a liquid of prolates using the commercially available molecular dynamics simulation package Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). 26 We show that the translational diffusion is strongly coupled with the rotational diffusion. We compare the simulation results with the predictions of the hydrodynamic theory.
(iii) Temperature dependence of diffusion constant and of the rotational correlation time are subjects of great interest. In the simulation, we can vary these quantities over a considerable range, and study the temperature dependence in detail.
II. SYSTEM AND SIMULATION DETAILS
We have carried out molecular dynamics (MD) simulations of translational and rotational motions of the binary mixture consisting of total 256 particles of which 205 are prolates and 51
are oblate ellipsoids (disc-shaped molecules) contained in a cubic box with periodic boundary conditions. We have also considered larger system sizes as discussed later. The interactions between any two ellipsoids with arbitrary orientations is assumed to be represented by a modified Gay-Berne (GB) potential.
The expression for the GB potential is given by,
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where 1 u is the axial vector of the molecule i and r is the vector along the intermolecular vector .u r.u r.u r.u 1ˆr , u , u 1 ,
Here, we have used the well-established Gay-Berne pair potential [27] [28] [29] represented by GB ( ) ' , , , .
κ κ µ ν In the GB potential, κ defines the aspect ratio, that is the ratio of the semimajor axis (a) to the semiminor axis (b). σ and ε depend on the aspect ratio . κ ' κ is the energy anisotropy parameter defined by the ratio of the depth of the minimum of the potential for a pair of molecules aligned parallel in a side-by-side configuration to that in an end-to-end configuration.
µ and ν are two exponents those are adjustable. It follows that the aspect ratio κ provides a measure of the shape anisotropy whereas ' κ provides a measure in the anisotropy of the well depth which can also be controlled by the two parameters µ and . The equations of motion have been integrated using the Velocity-Verlet algorithm with integration time step of dt = 0.001 in the reduced unit. We initially equilibrate the system in NPT ensemble for 10 5 steps. Further equilibration is performed in NVT ensemble and finally, the data collection has been executed in the NVT ensemble for 5×10 7 steps.
III. HYDRODYNAMIC PREDICTIONS
Coupling between the translational and rotational diffusion 6 of non-spherical molecules possesses considerable interdisciplinary interests 31 due to its importance in physical (liquid crystals), 32 chemical (micelles), and biological (lipids) systems. However, a consensus regarding an appropriate dynamical model is still lacking. The only source is the solution of Navier-Stokes hydrodynamic equations capable of providing expressions for the friction on prolates and oblates. The hydrodynamic solutions provide two different type of situations that depend on whether the stick or the slip boundary condition is applied, as discussed above.
The difference between the predictions of the stick and the slip boundary condition even for nonspherical molecules is of course not new. Evans et al 33 showed that the use of stick hydrodynamic condition can be misleading for diffusion of long ellipsoids (prolates) in a liquid.
They proved by numerical solution of the Navier-Stokes hydrodynamic equations using the slip boundary condition that the motion along the parallel direction can be completely decoupled from that of perpendicular direction. The overall translational diffusion process, however, remains isotropic.
In fact, the derivation of hydrodynamic expression for friction requires the solution of NavierStokes equation for the flow field formed past the sphere which is made stationary by the change of coordinate system with the origin fixed on the sphere. For a sphere, the calculation of the flow for rotation and translation are done separately.
The situation becomes far more complex when the molecule is asymmetric, like a prolate and oblate. In such a situation, a solution of the Navier-Stokes equation is highly non-trivial. This non-trivial nature is reflected in the complexity of the expressions derived by Perrin. 29 In fact, no analytical solution is available for rotational friction on spheroidals with slip boundary condition.
A. Translational diffusion for prolates and oblates
With the stick hydrodynamic prediction, it is known that for rod-shaped molecules (prolates), the translational diffusion coefficient in a direction parallel to its major axis II (D ) is equal to the twice of the translational diffusion coefficient in the perpendicular direction (D ).
The main point here is that orientation can change the direction of diffusion. This introduces a mechanism of translation-rotation coupling not present in spherical molecules.
On the other hand, the slip hydrodynamic theory predicts that there could be decoupling between the perpendicular and parallel motion. The ratio between the diffusion coefficient in the parallel to that in the perpendicular direction approaches the value of aspect ratio ( ). κ 33, 34 For ellipsoids, the stick hydrodynamic predictions for translational diffusion are known analytically and given by,
and
where a and b are the lengths of the semi-major and semi-minor axes of the ellipsoid.
For a prolate, S is given by, 15, 16
For an oblate, S is given by,
These non-trivial expressions were derived originally by Perrin. 15 They reduce to the expression for the sphere when the aspect ratio approaches unity. In the case of calculation of translational diffusion for slip hydrodynamic predictions, we use the table provided by Evans and coworkers.
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B. Rotational diffusion for prolates and oblates
For stick hydrodynamic boundary condition, the rotational diffusion coefficient for ellipsoidal molecule (prolate or oblate) with aspect ratio κ can be written as follows:
where . 6
Here the volume V of the ellipsoid is given by, In the case of rotational diffusion, S is defined separately for prolates and oblates.
For prolate, S is given by,
For oblate we have a different expression,7 Figures 2(a) and (b) show the inverse of 2 τ as a function of temperature over the entire temperature range of our study at a constant pressure P*=30 for prolate and oblate, respectively.
The green solid lines are the respective VFT fits for prolates and oblates, as shown in Fig. 2(a) and Fig. 2(b) . This VFT fit predicts the glass transition temperature to be T g = 0.432 for prolates and T g = 0.435 for the oblates.
Rotational relaxation time is inversely proportional to the volume. We have considered the mass of each prolate and oblate to be equal. This is one of the reasons that we have chosen both the prolate and oblate with same molecular volume. As a result, the relaxation times are quite similar for both prolates and oblates studied here.
B. Mean square displacement (MSD) of prolate and oblate with time during an increase in temperature: Translational dynamics
In order to focus on the translational dynamics, we calculate the mean squared translational displacements of the center of mass of the prolates as well as oblates. The mean squared displacement of the center of mass is capable of capturing the dynamics of the system with the increase in temperature. At short times, the motion is ballistic and at high temperatures, the ballistic motion is followed by the diffusive motion, as evident in Fig. 3(a) The temporal variation of diffusivity is another important aspect to understand the translational dynamics of prolates and oblates. In Fig. 4 , we plot the total diffusion coefficient as a function of temperature. The diffusivity approaches zero with the decrease in temperature, which seems to follow a nonArrhenius kind of temperature dependence. We have fitted the calculated values of the diffusion constant to the empirical VFT form, for both prolates and oblates, using the relation 
C. Coupling between translational and rotational diffusion
Rotation of solute molecules in a viscous liquid should be coupled to the structural relaxation of the surrounding solvents. Therefore, the rotational diffusion of the solute should be correlated with the translational diffusion coefficient of the surrounding solvent molecules. There is a lack of microscopic theoretical study to interconnect the translational and rotational diffusion of solute molecules. Hence, one has to take the help of hydrodynamics 36 in order to correlate translation and rotation through viscosity.
Here we present the observed inverse relation between orientational correlation time ( ) and it can be explained to arise due to dynamical heterogeneity. In the following tables, we show the values of 2 τ , D and 2 Dτ for prolates (Table 1 ) and oblates ( Table 2) . 
D. Crossover from diffusive to jump mode of motion upon cooling
We show here typical trajectories at higher temperature (T* = 1.0) shown in E. Microscopic characterization of the prolate-oblate binary mixture system at a temperature Partial radial distribution functions for the prolate-oblate binary mixture system at higher (T* = 1.85) and lower temperature (T* = 0.50) are shown in Figs. 8(a) and 8(b) respectively. Fig. 8(a) shows that oblate-oblate correlation is the weakest compared to that of prolate-oblate and prolate-prolate correlation. Hence, the probability of finding an oblate surrounded by other oblates is less than the probability of being surrounded by prolates. In the binary liquid, particularly at higher temperatures, the entropic contribution keeps the binary mixture to be in homogeneous phase, as shown in Fig. 8(a) . In the lower temperature (T* = 0.50), the prolate-prolate correlation gets substantially reduced while the prolate-oblate correlation gets enhanced. Figure 8(b) shows that not only the large sharpening of the first peak of the radial distribution functions of prolate-oblate and oblate-oblate are found, but these correlation functions are also characterized by a split double peak, which is, of course, the signature of glass transition. 41 Similar split double peak is also seen in prolate-prolate, although the height is comparatively less in this case.
V. CONCLUSION
The translational and rotational diffusion of tagged prolate in a sea of LJ spheres was studied in our earlier simulations. The present work could be regarded as the continuation of our earlier works. Here we have presented molecular dynamics simulations of oblates in a sea of prolates. In contrast to earlier studies, here we have employed the efficient software package LAMMPS that allowed us to consider large system sizes with longer MD simulation runs. Another new aspect of this work is the inclusion of the orientational part in the interaction potential that is essential to describe molecular glasses and which is absent in the Kob-Andersen class of models. Calculated orientational time correlation function exhibits a faster decay for the oblates which is also a new result of this study. On the other hand, the translational diffusion of oblates is found to be slower than that of prolates. The anisotropy in the translational motion of oblates persists for a long time as compared to that of prolates.
One aspect of hydrodynamic prediction, however, has been found to hold. As D is inversely proportional to viscosity and rotational correlation time directly proportional, the product 2 Dτ is expected to be independent of temperature even when the shear viscosity increases by many orders of magnitude, as predicted by the combination of the Debye-Stokes-Einstein (DSE) and Stokes-Einstein (SE) equations. While we do not fully know the origin yet, one possible reason is the strongly interacting limit used in this work where prolates and oblates interact strongly; this might lead to a scenario where this pair moves together. This shall lead to the breakdown of the slip boundary condition. In a subsequent work, we plan to study in detail the pair dynamics to understand the reason for the complete breakdown of hydrodynamic b.c. observed here. Another possible origin could be translation-rotation coupling affecting the dynamics not captured by hydrodynamic theories.
It is also worthwhile to explore the energy landscape manifestation in the view that the dynamical heterogeneity plays an important role in the decoupling between translationalrotational diffusion. Such decoupling could of interest as we approach the glass transition temperature. Work in this direction is under progress.
